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Abstract 

We present a design and a top-down fabrication method for realizing diamond nanowires in both bulk single crystal 
fSj and polycrystalline diamond. Numerical modeling was used to study coupling between a Nitrogen Vacancy (NV) color 
^ center and optical modes of a nanowire, and to find an optimal range of nanowire diameters that allows for large 
^ collection efficiency of emitted photons. Inductively coupled plasma (ICP) reactive ion etching (RIE) with oxygen is 

used to fabricate the nanowires. Drop-casted nanoparticles (including Au, Si02 and AI2O3) as well as electron beam 

lithography defined spin-on glass and evaporated Au have been used as an etch mask. We found AI2O3 nanoparticles to 
fS| be the most etch resistant. At the same time FOx e-beam resist (spin-on glass) proved to be a suitable etch mask for 

fabrication of ordered arrays of diamond nanowires. We were able to obtain nanowires with near vertical sidewalls in 
pH both polycrystalline and single crystal diamond. The heights and diameters of the polycrystalline nanowires presented 
O ^in this paper are w 1 /xm and 120 — 340 nm, respectively, having a 200nm/min etch rate. In the case of single crystal 
^ ' , diamond (types lb and Ila) nanowires the height and diameter for different diamonds and masks shown in this paper 
^ were 1 — 2.4 /im and 120 — 490 nm with etch rates between 190 — 240nm/min. 

c3 
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1. Introduction 

> 

Nitrogen-vacancy (NV) color centers embedded in di- 
amond have recently emerged as a promising platform for 

CO the realization of robust, room temperature, single-photon 
sources jTj . The NV center is formed by a two point defect 

00 in the diamond lattice: A substitutional nitrogen atom 
and a vacancy (missing carbon atom) trapped at an ad- 
jacent lattice position. It can exist in two charged states 

T\ NV° and NV~ out of which the NV~ center is suitable 
^ for quantum operations due to the electron's spin kinet- 

k> ics. The luminescence spectrum of an NV~ color center 
consists of a broad (640 nm to 780 nm) phonon side-band 
(PSB) and a zero-phonon Hue (ZPL) at 637 nm [21|3]. NV 
centers combine the key advantages of isolated atomic sys- 
tems with solid-state integration, and have the following 
unique optical properties: (i) room temperature operation, 
(ii) little inhomogeneous broadening and (iii) determinis- 
tic positioning using ion implantation. Moreover, the NV 
center stands out among solid state systems because its 
electronic spin can be prepared, manipulated, and mea- 
sured with optical and microwave excitations [1]. 
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However, NV centers also interact with their environ- 
ment leading to decoherence in the presence of nearby ni- 
trogen spins. Hence it is important to enhance the NV 
center emission yield (photon production rate) as well as 
increase the collection efficiency of emitted photons. This 
can be achieved by embedding NV centers within optical 
structures including cavities, microdisks, waveguides and 
nanowires. 

NV~ optical transition is in the visible (637 nm), which 
limits the choice of materials that can be used to realize op- 
tical structures. Diamond itself is a suitable platform hav- 
ing a reasonably high refractive index (n = 2.43). Baldwin 
et al. ^ have fabricated 2D photonic crystal (PhC) slabs 
in polycrystalline diamond (poly-D) on insulator (DOI) 
films. Similarly, Wang et al. [F, T] have demonstrated the 
fabrication of optical microdisk resonators and 2D PhC in 
polycrystalline diamond films using E-Beam Lithography 
(EBL) and Reactive Ion Etching (RIE). The characteriza- 
tion of poly-D microdisks and photonic crystal cavities has 
shown scattering losses due to the polycrystalline nature of 
the diamond film. Moreover, the emission from polycrys- 
talline diamond itself can obscure single-photon emission 
from an embedded NV center. Hence, defect-free single 
crystal diamond (sc-D) films are needed for Quantum In- 
formation Processing (QIP) applications. 
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High-quality sc-D films can only be homoepitaxially 
grown on the diamond substrate and therefore the needed 
index contrast for the realization of nanophotonic devices 
does not exist. Olivero et al. |8j have used ion-beam 
implantation followed by sacrificial removal of implanted 
graphitized (damaged) layer to fabricate thin sc-D films. 
Based on this approach fabrication of sc-D waveguides 
[S] and microdisk resonators jTU] has been demonstrated. 
However, the ion implantation may create additional NV 
centers and may render such thin films unsuitable for QIP 
applications. 

Optical structures fabricated in a GaP layer bonded on 
top of a diamond film [11 have also been reported. Ap- 
proaches based on diamond nanocrystals containing NV 
centers embedded within a silicon-nitride photonic crys- 
tal structure has been examined theoretically |J,2J. Other 
works include positioning diamond nanocrystals on top 
of wide bandgap materials such as GaP [ISJ and silicon- 
dioxide as well as metallic nanostructures |15| . 

In this work an alternative approach has been explored 
based on the fabrication of nanowires in diamond contain- 
ing NV centers. Recently, Friedler et al. 1^16, have theoret- 
ically demonstrated a 90% extraction efficiency of emitted 
photons from single-photon sources like quantum dots em- 
bedded within semiconductor nanowires. We first examine 
an optimal nanowire diameter that maximizes the overall 
collection efficiency of photons emitted from an NV cen- 
ter. Next, we developed a fabrication procedure for the 
creation of diamond nanowires directly in high-quality sc- 
D substrates utilizing RIE and as needed EBL. Our proce- 
dure uses oxygen as a reactive gas in an inductively coupled 
plasma (ICP) RIE. In the past a two step procedure for di- 
amond nano-rods based on hydrogen treated sc-D whiskers 
has been pursued ||17j . Other fabricated structures in poly- 
and sc-D based on reactive ion etching (RIE) include mi- 
crolenses [TO] , porous diamond [20 , field emitters [2T , 
waveguides [1], atomic force microscopy (AFM) tips [22,, 
disks [ini , cones and cylinders |23] , nanopillars [24] , micro- 
cylinders f55] and resonator arrays for RF signal process- 
ing [26j. As masks, we investigated two main approaches: 
(i) nanoparticles deposited using drop-casting (Au, Si02, 
AI2O3), and (ii) masks defined by EBL using positive as 
well as negative resist. We also investigated two types of 
substrates: (i) poly-D films on insulator, and (ii) sc-D dia- 
monds grown via high-pressure high-temperature (HPHT) 
and chemical vapor deposition (CVD) processes. 

2. Design and Modeling 

First, we studied the emission from an NV center (mod- 
eled as a dipole) in a diamond nanowire using FDTD 
simulations. We assume a circular cross section of the 
nanowire with a diameter d, and consider the two gen- 
eral polarization scenarios for a dipole/nanowire system: 
dipole polarization perpendicular (s-polarized) and paral- 
lel (p-polarized) to the nanaowire axis. The dipole asso- 
ciated with an NV center in (100) diamond can be rep- 
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Figure 1: Field profile of the E-field's radial component 
(Er) in the case of a 2 /im long, 200 nm diameter diamond 
nanowire (left) and a bulk diamond (right) . The dipole is 
polarized parallel to the interface, emitting at A = 637 nm 
(zero-phonon line wavelength of NV center). The fun- 
damental nanowire waveguide mode (HEn) (inset) is the 
dominant decay channel for the nanowire case. 



resented using combination of these two dipoles, since it 
is polarized in the (111) plane. At different wavelengths 
within the NV center's radiation spectrum (637 nm— 780 nm) , 
the number of collected photons per second can be ex- 
pressed as r(A) • r/(A) where F is the emission rate (recip- 
rocal to the lifetime) and r/ the collection efficiency. The 
collection efficiency can be dramatically improved in dia- 
mond nanowires compared with bulk diamond, as demon- 
strated in Figure [T] These field profiles show that the ma- 
jor portion of light emitted from an NV center in bulk dia- 
mond leaks to the substrate due to significant total internal 
refiection at the diamond-air interface, whereas in a dia- 
mond nanowire the fundamental HEn mode is the domi- 
nant emission channel for a dipole polarized perpendicular 
to the nanowire axis (in the xy plane) (Fig. [l] inset) | [TB] . 
This waveguide mode directs the light propagating in the 
nanowire, and is scattered vertically as it exits from the top 
nanowire facet. This process allows for efficient collection 
using an objective lens positioned above |57] . In Figure [2^ 
we show the coupling efficiency, a, between the NV cen- 
ter and the nanowire waveguide mode as a function of the 
nanowire diameter, for wavelength A — 637nm. It can be 
seen that, in the case of s-polarized dipole, more than 80% 
of emitted photons can couple to the nanowire mode for 
a broad range of nanowire diameters (180 nm — 230 nm). 
We choose to work with 200 nm diameter nanowires in or- 
der to optimize the coupling efficiency. Photon collection 
efficiencies can be quantified from the far-field profile of 
power emitted upward, shown in Figure and c. An 
objective lens with a numerical aperture NA=0.95, posi- 
tioned above the nanowire, can collect light emitted into 
the solid angle of 72 ° (represented by shaded areas in the 
far field emission profiles). It can be seen that in the case 
of both s- and p-polarized dipoles, almost 100% of pho- 
tons emitted from the nanowire can be collected with the 
lens. It is interesting to note that this is true even for p- 
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Figure 2: (a) Coupling efficiency a as a function of the nanowire diameter at A = 637 nm. The dipole is assumed to be 
placed at the center of the nanowire with a polarization perpendicular to the nanowire axis (s-polarized) . (b) and (c) : 
The far-field profile of power emitted from a (b) s-polarized and (c) p-polarized (parallel to the nanowire axis) dipole 
embedded at the center of a nanowire with d — 200 nm. Blue lines, in both (b) and (c) , show far-field profiles of emitter 
embedded in the bulk diamond crystal. The shaded areas denote the light that can be collected using an objective lens 
with an NA of 0.95. Calculated values of collection efficiency rj for nanowire and bulk, for both polarizations, are also 
indicated. 
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Figure 3: Fabrication process schematic. (A): Drop casting of nanoparticles (AI2O3, Au, Si02) followed by etching. 
(B) EBL defined Au evaporation and etching. (C) EBL defined FOx mask (flowable oxide, a spin-on-glass resist) and 
etching. 
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polarized dipole despite the fact that it cannot couple to 
the nanowire waveguide mode due to the symmetry mis- 
match. In this case, however, large collection efficiency is 
enabled by coupling to radiative modes that are also mod- 
ified by the presence of the nanowire. Finally, comparing 
a dipole in a nanowire (red line in figures |2jD and c) with 
a dipole in a bulk diamond crystal (blue line), we find 
that the nanowire geometry provides one and two orders 
of magnitude improvement in the collection efficiency in 
the case of s-polarized and p-polarized dipole, respectively. 
We also evaluated the total emission rate (the reciprocal 
of lifetime) of an NV center in a nanowire, and found that 
it is dependent on the NV's position: Fabry-Perot reso- 
nances, formed due to the (weak) reffection of a waveguide 
mode from the nanowire's facets, can modify the emission 
rate of s-polarized dipole. We introduce the enhancement 
factor E{X) ~ ro{\) "^^i^re Fq is the emission rate of the 
quantum emitter in a homogeneous diamond medium. For 
A = 637nm and d = 200nm, the enhancement factor is in 
the range of 0.65 — 1.10, depending on the dipole posi- 
tion along the nanowire positions. It is interesting to note 
that the collection efficiency for s-polarized dipole is max- 
imized (Figure |2|d) when destructive interference occurs 
between downward emitted photons and photons reffected 
from the top nanowire facet (Figure [l]). This case favors 
upward emission at the expense of slightly increased ra- 
diative lifetime. 

In order to estimate the total number of photons that 
can be collected from a nanowire geometry, it is important 
to take into account both s- and p-polarized components 
of NV dipole, as well as its broad-band emission due to the 
phonon sideband. The total number of collected photons is 
obtained by averaging over wavelengths and polarizations, 
by using following (unitless) figure of merit 

// E{X,aMX,a)ro{X)dadX 
27r/ro(A)dA 

where a denotes the polarization angle. 

Using this figure of merit, we find that the nanowire 
geometry provides an order of magnitude improvement 
{Z w 30%) over the bulk diamond case {Z 3.3%). 

3. Materials and Methods 

We used two types of diamond samples based on their 
crystalline nature: a) poly-D films and b) type lb and Ila 
sc-Ds synthesized via HPHT and CVD processes respec- 
tively. While sc-Ds are needed to realize single-photon 
sources, poly-d films have been used to optimize the etch 
recipe due to their low-cost and availability in large quan- 
tities. 

The poly-D samples were diamond on insulator (DOI) 
AQUA 25 wafers (2 fim poly-D film on 1 fim thermal Si02 
on a Si substrate) from Advanced Diamond Technologies, 
Inc. The sample size was about 3 — 5 mm x 3 — 5 mm. 



Prior to mask deposition and reactive ion etching all poly- 
D samples were solvent cleaned. The nitrogen rich HPHT 
lb and very pure (nitrogen content < 0.1 ppm) CVD Ila 
sc-Ds were obtained from ElementG (E6) , and were 3 mm 
X 3 mm in size. We also used a CVD sc-D from Apollo Di- 
amond, Inc. All sc-D samples had a <100> crystal orien- 
tation and prior to mask deposition, and etching all sc-Ds 
were cleaned for about 45min in a boiling 1:1:1 (Nitric : 
Perchloric : Sulfuric) acid bath. This aggressive etch was 
not used with the poly-D samples as it was damaging the 
DOI film. 

Three major types of etch masks have been explored 
in this work, each of which required a slightly different 
fabrication approach. The adopted fabrication processes 
are shown in Figure |3] The etch masks were prepared as 
discussed below. 

(A) Nanoparticle mask, deposited via drop-casting: In 
this approach drop casted nanoparticles have been 
used as an etch mask. Au colloids suspended in DI 
water were obtained from Ted Pella, Inc. The nomi- 
nal particle sizes were 100 nm and 250 nm. However, 
our measurements indicated a large variation with 
mean particle diameters of « 140 nm and ^ 350 nm 
respectively. The concentrations were 5.6 x 10^ par- 
ticles/mL and 3.6 x 10* particles/mL for the 100 nm 
and 250 nm colloids respectively. Au nanoparticles 
were further diluted in 1:1 and 1:2 ratio with DI wa- 
ter before dispersing on the samples. A suspension of 
Si02 nanoparticles (Corpuscular, Inc.) with a diam- 
eter of « 213 nm and a 5% particle concentration in a 
10 mL solution was also used. The Si02 particle-size 
variation was smaller than 8%. Finally, AI2O3 pow- 
der from Alfa Aesar, Inc. with 200 nm and 40—50 nm 
diameters were used. 

(B) Au mask defined via a lift-off process: In this ap- 
proach, evaporated Au was used as an etch mask 
as illustrated in Figure [3j Bilayer PMMA from Mi- 
croChem Corp was used to define an etch pattern us- 
ing a 100 kV Elionix e-beam tool. Dosages were var- 
ied from 800/LtC/cm2 to leOO/xC/cm^. Next, 10 nm 
Cr and 200 nm Au evaporation followed by a lift-off 
process was used to define a metal etch mask. 

(C) Spin-on-glass (HSQ) mask defined by EBL: Flow- 
able oxide (FOx 17) from Dow Corning was diluted 
with MIBK in 1:2 and 1:1 ratios. Dosages from 
4800/iC/cm^ to 8000 ^C/cm^ were used to expose 
FOx resist. 

An ICP RIE system (UN AXIS shuttleline) was used to 
transfer the mask pattern into all the diamond samples. 
An etch recipe having 30 seem oxygen fiow rate, 100 W 
Bias power, 700 W ICP power at a 10 mTorr chamber pres- 
sure was used and will be discussed in the next section. Af- 
ter RIE, gold (type TFA, Transene) and chrome etchant 
(type 1020, Transene) were used in approaches (A) and 
(B) to remove the remaining Au/Cr mask. In case (C), 
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an HF (49%, aq) wet etch was performed to remove the 
remaining FOx mask. 

All images were taken with a Zeiss SUPRA field emis- 
sion scanning electron microscope (FESEM) under a 86° 
tilt unless noted otherwise. The secondary electron (SE) 
detector and an acceleration voltage of 5 kV was used. 

4. Results and discussion 

4-.1. Etch recipe variation 

Based on our design presented earlier, an etch recipe 
and etch mask that yield wires with vertical profile and 
high selectivity are needed. Several dry etch parameters 
were varied in order to obtain an acceptable wire profile. 
The results are presented in Figure^ and the etch param- 
eter variations, heights and diameters are summarized in 
Table [T] Waist diameter refers to the thickest part of the 
nanowire and the taper angle is calculated based on the 
waist and the bottom diameter. The tabulated variations 
are for a 5 min etch using Au colloids with a diameter of 
« 250 nm as an etch mask on poly-D samples. A height of 
1 fim was determined in most cases, except for (d) and (g) 
the height was 1.1 /im and 0.7 /im respectively. 

Recipe (a) resulted in unwanted grass. Raising the 
temperature and decreasing the pressure resulted in smooth 
bottom surfaces (no grass) but introduced a noticeable 
mask erosion at the top (b). Further increase in tem- 
perature resulted in re-appearance of the grass (c) and a 
reduced etch depth. Slightly undercut wires are obtained 
with a higher oxygen flow rate of 45 seem (recipe d) and 
a reduced temperature compared to recipe (b) as shown 
in Figure |4|i. The increased flow rate and reduced tem- 
perature also increased the mask erosion at the top of the 
nanowires. To consider the effect of an increased ion den- 
sity the ICP power was increased by 30% (recipe (e)) while 
reducing the oxygen flow rate compared to recipe (d) by 
33%. This yielded in a 3.5 times larger undercut com- 
pared to recipe (d) . In recipe (f ) (Figure ^) the chamber 
pressure was decreased to 3 mTorr, the bias power was in- 
creased to 200 W and the oxygen flow rate was reduced to 
30 seem compared to recipe (d) which lead to mask erosion 
and excessive etching. In Figure [4^ the etch recipe with 
20 mTorr and 200 W was tested to minimize mask erosion 
by increasing the pressure compared to recipe (f). This 
resulted in relatively little mask erosion, an over cut wire 
profile and a reduced etch depth. To minimize the mask 
erosion observed in recipe (b) and (d) (Figures |4jD, |4]i), 
the oxygen fiow rate was reduced to 30 seem compared to 
recipe (d) as tabulated in recipe (h). This gave a near 
vertical wire profile with minimal mask erosion as shown 
in Figure |4]i and was used as the basic recipe for etching 
all the diamond samples presented in this paper. 

4-.2. Comparison of nanoparticle etch mask 

In order to improve the etch selectivity, different nanopar- 
ticle masks were also evaluated. A close up view of poly-D 



wires obtained using the optimized etch recipe with differ- 
ent nanoparticle masks are shown in Figure |5] 

The AI2O3 mask was tried first. A similar mask has 
been used successfully to build micropost-cavities with em- 
bedded quantum dots in the past [28'. AI2O3 nanopar- 
ticles were deposited from both suspension and powder 
form. In the latter case, the samples were dipped top-down 
into the powder. AI2O3 was found to be an ideal etch 
mask with no appreciable erosion. A 4 min oxygen etch 
gave a height of the etched diamond structure of w 1 fim 
and a diameter of 200 nm both at the top and the bot- 
tom, as shown in Figure |5^. The thickest diameter was 
230 nm. The particle height was « 210 nm and its thickest 
diameter was 230 nm. However, AI2O3 nanoparticles were 
found to be clumping together, resulting in large etched 



features with random cross-sectional profiles (Figure 5a I, 
which was not desirable. Better uniformity and isolation 
of individual AI2O3 nanoparticles can be achieved by mod- 
ifying the AI2O3 nanoparticles deposition process. 

Due to better size and shape uniformity Si02 nanopar- 
ticles were also evaluated. Figure [5b] shows the etch results 
obtained using individual Si02 nanoparticles. Poor selec- 
tivity and a high mask erosion were observed, since Si02 
particles were etched at a rate of > 40nm/min. The mask 
erosion also resulted in a tapered nanowire profile. The 
height of the wires after a 5 min oxygen etch was 1 /im, 
and the diameter varies from w 342 nm on the bottom to 
w 20 nm at the top. The Si02 particles did not survive 
the etch. 

Figure [5c] shows a 900 nm high nanowire obtained 
with 250 nm gold particles as the mask. The diameter 
varied from 275 nm on the bottom to a maximum of 310 nm 
and 250 nm at the top. The particle shown in this image 
measures 245 nm in diameter and 130 nm in height. The 
etch time was 5 min. 

The Au nanoparticles were the easiest to disperse, re- 
sulting in single nanoparticles requiring no further pro- 
cessing stjpg. Using 250 nm nanoparticles, a 5 min etch 
resulted in 1 /im tall nanowires, as shown in Figure |6a[ 
The diameter varied from 260 nm at the bottom and top 
to 280 nm as thickest diameter. The etch rates of the mask 
and the DOI film were determined to be 25nm/min and 
200nm/min, respectively. This results in an etch selectiv- 
ity of 8:1. The wires created in poly-D have a near- vertical 
profile. Figure [6a[ and Figure |6b| show a comparison of 
poly-D wires etched using 250 nm and 100 nm nanopar- 
ticles. The use of 100 nm Au particles (1:200 dilution) 
resulted in similar etch rates but with a tapered nanowire 
profile, which can be attributed to significant mask ero- 



sion in the case of the small gold nanoparticles (Figure 6b I . 



However, such tapered profile may be beneficial for achiev- 
ing high extraction efficiency for photons emitted from NV 
centers embedded within nanowires [H], [21]. The height 
was w 0.9 /im and the thickest diameter is about 120 nm. 
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Table 1: Summary of all etch variations. Straight wires were obtained with the optimized etch recipe (last row) for 
poly-D. 



Rec. 


Temp. 

°C 


Press. 
mTorr 


Bias 
W 


ICP 

w 


O2 
seem 


etch rate 
nm/min 


Bottom 
nm 


Top 
nm 


Waist 
nm 


Taper angle 



Result 


(a) 


RT 


20 


100 


700 


30 


200 


330-420 


270 


330 




grass 


(b) 


73 


10 


100 


700 


30 


200 


290 


240 


330 


88 


undercut 


(c) 


132 


10 


100 


700 


30 






250 


250 




grass 


(d) 


RT 


10 


100 


700 


45 


220 


280 


220 


300 


89.5 


straight 


(e) 


RT 


10 


100 


1000 


30 


200 


220 


220 


310 


87.4 


undercut 


(f) 


RT 


3 


200 


700 


30 




280 




280 




erosion 


(g) 


RT 


20 


200 


700 


30 


140 




200 






over cut 


(h) 


RT 


10 


100 


700 


30 


200 


260 


260 


280 


89.5 


« straight 




II 



(c) 

Figure 5: Poly-D nanowires obtained with (a) AI2O3 pow- 
der (ss 200 nm in diameter), (b) Si02 particles (210 nm in 
diameter) and (c) 250 nm gold particles as mask, etched 
with the oxygen recipe, (a) The height is « 1/xm and 
the diameter is 200 nm both on the top and the bottom. 
The thickest diameter is 230 nm. The particle height is 
w 210 nm and its thickest diameter is 230 nm. (b) The 
height of the wires is 1 /im and the diameter varies from 
w 342 nm on the bottom to ~ 20 nm at the top. (c) 
The nanowire is ~ 900 nm high. The diameter varied 
from 275 nm on the bottom, to a maximum of 310 nm and 
250 nm at the top. The particle measures 245 nm in diam- 
eter and 130 nm in height. The etch time was 5min. 




Figure 6: Poly-D nanowires after a 5min oxygen etch, (a) 
250nm-Au colloids served as etch mask. The top-bottom 
height of the wires is w 1 /im and the thickest diameter is 
about 280 nm. The diameter at the bottom of the wires is 
w 260 nm. Inset: Close-up view of some wires. Figure (b) 
shows poly-D nanowires obtained with a 1:200 dilution of 
100 nm-Au colloids as a mask. The top-bottom height of 
the wires is w 0.9 fim and the thickest diameter is about 
120 nm. 



7 



4-. 3. Single crystal diamond nanowires 

Due to the ease in dispersing and the reasonable etch 
selectivity of 8:1, Au nanoparticles were drop-casted on 
E6 CVD Ila and E6 HPHT lb samples. The samples were 
etched for 5min and lOmin, respectively, the results of 
which are shown in Figure [7] After a 5 min etch, the 
nanowires are broadened in the bottom half and are almost 
straight in the upper half, as indicated in Figure [7a] The 
top-bottom wire height is 1.1 /im. The diameters vary 
from sa 350 nm at the bottom of the wires to w 230 nm at 
the top just beneath the remaining particles. The etching 
time was 5 min. An etch rate of 220 nm/min was measured, 
lb sc-D nanowires after a 10 min etch are shown in Figure 
|7b[ The gold particle mask was almost completely eroded 
after this time and thus the upper part of the nanowire 
comes out tapered. The etch rate is 190 nm/min. The 
top-bottom height is ss 1.9 /im and the diameters vary 
from 470 nm at the bottom of the wires to w 190 nm 
at the top beneath the remaining particles. The mask 
etch rate was in both cases 20 — 25 nm/min. Thus the etch 
selectivity was found to be w 8 : 1 and w 9 : 1 for lb and 
Ila sc-Ds respectively. 

While the nanoparticle drop-casting approach provides 
a simple method to realize a large number of randomly po- 
sitioned diamond nanowires, ordered arrays of nanowires 
are desirable for the characterization of functional devices. 
Another factor to consider is the effect of the near-spherical 
shape of the nanoparticle etch mask on the etch profile of 
nanowires. Due to these reasons, EBL-defined masks have 
also been considered in this work. 

Ordered arrays of varying diameters between 100 nm 
and 250 nm, which covers the range of the optimum di- 
ameters as presented in Section 2, were patterned on sc-D 
samples. Wire-to-wire distances (periodicity) of 2 /im and 
3/im were used. The distance was chosen to allow ease 
in characterization of individual nanowires using a custom 
built confocal micro- photoluminescence setup without in- 
troducing any stray signal from neighboring nanowires. 
Details of the experimental setup and results will be pre- 
sented in a future publication. 

EBL using PMMA resists followed by a lift-off process 
was used to realize an evaporated Cr/Au metal mask, as 
described in Section 3 (Figure [3]). The results of etch- 
ing E6 Ila CVD diamond with such a mask are shown 
in Figure |8] A 10 min oxygen etch produces 2.2 /im high 
nanowires. The diameter at the top of the wires of this 
array is « 160 nm and at the bottom w 490 nm. The di- 
amond etch rate is 220 nm/min, whereas the etch rate of 
the evaporated gold is 26 nm/min. In the inset a wire is 
shown with the remaining mask after a 5 min etch. The 
mask is w 120 nm high and the diameter of the wire is 
sa 200 nm at the top. Again, an over cut etch profile is ob- 
served in the case of sc-D nanowires. As mentioned above, 
the same recipe resulted in a vertical nanowire profile in 
the case of poly-D nanowires. We expect that an increase 
in the isotropic etch component of our recipe would result 
in straighter nanowires. 




Figure 7: Sc-D nanowires obtained with 250 nm-Au col- 
loids as a mask for oxygen etching, (a) E6 Ila sc-D 
nanowires with a top-bottom wire height of sa 1.1 /im. The 
diameters vary from ?a 350 nm at the bottom of the wires 
to ~ 230 nm at the top. The etching time was 5 min. In- 
set: Close-up view of one wire, (b) E6 lb nanowires with a 
top-bottom height of sa 1.9 /im. The diameters vary from 
« 470 nm at the bottom of the wires to « 190 nm at the 
top beneath the remaining particles. The etching time was 
10 min. Inset: Magnified view of three wires. 
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Figure 8: Sc-D nanowires obtained in a Ila CVD diamond. 
After a 10 min oxygen etch using an EBL defined evapo- 
rated Cr/Au (10/200)nm mask. The height is 2.2 ^m from 
top to bottom, the remaining mask on this set of wires is 
« 60 nm high. The diameter just beneath the mask is 
« 160 nm and at the bottom « 490 nm. Inset: The etch 
time was 5 min, the remaining mask on this set of wires 
is ~ 120 nm high. The diameter just beneath the mask is 
sa 200 nm. 



Au nanoparticles and evaporated Au gave a similar 
etch rate of 25nm/min. In order to further simplify the 
fabrication procedure, we used FOx (which is a negative 
e-beam resist) as an etch mask, as mentioned in Section 3 
(Figure |3| . This required no metal evaporation and lift- 
off. The profile of the wires in E6 lb sc-D can be seen in 
Figure [9] Figure 9a shows 2.3 /im high wires. The EBL- 
written diameter of this array was 150 nm. The measured 
diameters at the broadest part of the top and the bottom 
are w 110 nm and w 310 nm, respectively. At the thinnest 
part of the wires the diameter is w 70 nm. In Figure [9c] an 
array of 2.2 /xm high nanowires with a bottom diameter of 
226 nm are shown (written diameter: 100 nm). We found 
the etch rate of FOx to be smaller than 10 nm/min, which 
is almost three times better than the metal mask. 

In order to improve the etch profile of sc-D nanowires 
and obtain nanowires with vertical sidewalls, we changed 
our etch recipe slightly by varying the ICP power. Based 
on the profile we obtained with our base etch recipe, we 
decided to decrease the chemical etch rate after a few min- 
utes and then increase it to prevent the broadening of the 
wires (Figures [8] and |9|. We used our usual recipe for 
2 min, decreased the ICP power to 600 W for 3 min and 
then ramped up to 1000 W for 5 min. The results can be 
seen in Figure |10a[ The periodicity and diameter of the 
wires used in EBL are 3 /im and 200 nm respectively. We 
were able to realize 1.9 /im tall nanowires with near vertical 
profile (bottom diameter of « 260 nm) and a tapered top 
due to the high ICP power causing mask erosion. This can 
be minimized by using a thicker FOx mask film. As men- 
tioned earlier, however, a tapered profile may be preferable 
[16] for increasing the extraction collection efficiency from 



emitters embedded inside nanowires. 

Based on the above recipe optimization results, an ul- 
tra pure type Ila diamond from Apollo Diamond, Inc. 
was also etched with slightly different etch step lengths: 
1.5 min, 3 min and 5.5 min. The profile of the 2.4 /im tall 
wires with a periodicity of 3 /im can be seen in Figures [lOb| 
andllOcI Nanowires with a bottom diameter of 340 nm are 



shown in Figure 10b (EBL written diameter: 220 nm). The 
thinnest and top diameters are 190 nm and 210 fxui respec- 
tively. Another array with diameters ranging from 170 nm 
at the bottom to 60 nm at the nanowire waist and 120 nm 
at the top can be seen in Figure |10c[ The diameter used 
in EBL was 140 nm. The wire etch rate was measured as 
240 nni/min. 

Table 2: Summary of the etch rates in the different dia- 
mond types. For the Apollo Ila a different etch recipe has 



been used (see section 4.3 1, for the other diamond types 



we used the etch recipe introduced in section [3[ 



Type 


Etch rate 


etch time 




nm/min 


min 


poly-D 


200 


5 


lb sc-D 


190 


10 


Ila sc-D (E6) 


220 


5 


Ila sc-D (Apollo Diamond) 


240 


10 



5. Conclusion 

In this work, we have presented the design and fabrica- 
tion of diamond nanowires. Our modeling shows an opti- 
mal range of diameters for coupling (>80%) the Nitrogen 
Vacancy (NV) center emission to the propagating waveg- 
uide mode inside the diamond nanowire, and collecting 
that emission with a high extraction efficiency using a 0.95 
NA objective. We have also investigated diamond etching 
of poly-D and sc-D nanowires. We have summarized the 
etch rates of all diamond types in table [2j Nanowires with 
near vertical profiles were fabricated using an oxygen ICP 
RIE recipe. AI2O3, Au and Si02 particles, evaporated Au 
and FOx e-beam resist were evaluated as an etch mask. It 
was found that AI2O3 nanoparticles were most resistant to 
etching. Au nanoparticles and evaporated Au gave a sim- 
ilar etch rate, while FOx e-beam resist gave an etch rate 
of 10 nm/min and was found to be the most suitable mask 
based on our fabrication process. The crystalline nature 
of the samples affected the etch profile and required differ- 
ent etch parameters to obtain nearly vertical etch profiles 
of the nanowires. Polycrystalline and type lb single crys- 
tal diamond were found to etch at (190 — 200) nm/min, 
whereas type Ila single crystal diamonds were found to 
etch at about (220 — 240) nm/min. We believe that our 
nanowire work and the diamond nanophotonic technology 
that we are developing will play an important role as an 
enabling platform for fundamental quantum information 
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Figure 9: Sc-D wires formed in a lb HPHT diamond. FOx 

was used to produce an array of pillar-shaped mask with 
EBL. The mask was then transfered to the substrate dur- 
ing a lOmin oxygen etch and subsequently removed, (a) 
One pattern of wires with the same diameters, (b) The 
height of the wires is 2.3 /xm from top to bottom. The di- 
ameters at the broadest part of the top and the bottom 
are « 110 nni and « 310 rmi respectively. At the thinnest 
part of the wires the diameter is « 70 nm. Inset: One 
wire with the remaining FOx mask after etching (different 
diameter), (c) One array of 2.2 /zm high nanowires with a 
bottom diameter of 226 nm. 
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Figure 10: (a) Sc-D (lb HPHT) wires after a lOmin oxy- 
gen etch. The FOx mask was removed. The height of the 
wires is 1.9 /im from top to bottom and the diameter at the 
bottom is ~ 260 nm. (b) and (c) Sc-D nanowires formed in 
a diamond from Apollo Diamond after removing the FOx 
mask. Their height is 2.4 /im and the distance between 
each nanowire is 3 /xm. (b) Nanowires with a bottom di- 
ameter of 340 nm. The thinnest and top diameters are 
190 nm and 210 nm respectively, (c) The diameter varies 
from 170 nm at the bottom, to 60 nm at the nanowire waist 
and 120 nm at the top. 



processing applications, as well as bio-sensing applications 
based on magnetometry [3D]. 
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